ABSTRACT. In this paper, we review the production of radiocarbon and other radionuclides in extraterrestrial materials. This radioactivity can be produced by the effects of solar and galactic cosmic rays on solid material in space. In addition, direct implantation at the lunar surface of 14 C and other radionuclides can occur. The level of 14 C and other radionuclides in a meteorite can be used to determine its residence time on the Earth's surface, or "terrestrial age". 14 C provides the best tool for estimating terrestrial ages of meteorites collected in desert environments. Age control allows us to understand the time constraints on processes by which meteorites are weathered, as well as mean storage times. Third, we discuss the use of the difference in 14 C/ 12 C ratio of organic material and carbonates produced on other planetary objects and terrestrial material. These differences can be used to assess the importance of distinguishing primary material formed on the parent body from secondary alteration of meteoritic material after it lands on the earth.
INTRODUCTION
Cosmic rays interact with all solid objects in the solar system to produce radioactivity, from dust grains and meteorites to planetary bodies. Besides the well-known production of radiocarbon in the terrestrial atmosphere, spallation reactions of galactic (GCR) and solar (SCR) cosmic-ray particles on oxygen and silicon, and some other target elements result in the production of many radionuclides. This radioactivity produced in space can give us important information on the variations of GCR, SCR and also energetic particles emitted by the Sun. These high-energy reactions are different from the atmospheric production of 14 C by thermal neutron effects on nitrogen. In this paper, we review several aspects of extraterrestrial or "cosmogenic" 14 C.
The production of this radionuclide in space can be used for several important applications, which we will discuss in this paper, specifically:
1. Lunar samples. We can use the levels of cosmic-ray-produced 14 C in lunar samples, to estimate the effects of SCR and GCR production and the possibility of fluctuations of SCR in the past. 2. Terrestrial ages of meteorites. We can use the 14 C produced in space as a method to measure the terrestrial residence time (terrestrial age) of meteorites after they fall to earth. The level produced in space is used as the "zero age" and one can then calculate the terrestrial age from the amount of 14 C remaining. 3. Contamination studies of meteorites. A third application of considerable interest is useful in the determination the relative amounts of terrestrial contamination in organic compounds found in some meteorites. Because of the great interest in Martian meteorites that was generated by the work of McKay et al. (1996) , a way of distinguishing between indigenous organic material and contamination is necessary. In this case, we can use the difference between 14 C produced in space and the levels produced in the terrestrial atmosphere to identify different sources of carbon in these samples. Recent carbon produced at the surface of the earth from atmospheric sources will have a much different signature than spallogenic carbon produced in organic or car-bonate materials in space. Hence, these differences can be used as a marker of origin of this carbon and allow us to distinguish these components.
In this paper we will review these three important applications of 14 C in extraterrestrial materials and give some examples of their applications.
RADIOCARBON IN LUNAR SAMPLES
Our first example is 14 C produced on the surface of the Moon. Lunar materials, both soils and rock surfaces provide long records of continuous production of radionuclides by GCR and SCR spallation. If we can obtain the records of different radionuclides that integrate different periods of time, we can estimate cosmic-ray intensities and variations of SCR fluxes in the past (see Reedy 1980 ; Reedy and Marti 1991) and possibly also differences in spectral shape. Fink et al. (1998) and Jull et al. (1998a) have summarized results of many radionuclides that have been used to determine variations of SCR fluxes in the past.
Several mean lives of the radionuclide, i.e. for 14 C about 20-30 ka of continuous exposure is required to reach a saturation level, as this cosmic-ray-produced 14 C will build up according to an exponential increase as shown in Equation 1 .
(1)
Here, the production rate, P, is a combination of production from both SCR and GCR. N 14 is the number of 14 C atoms, λ is the 14 C decay constant, and t is time. The production rate is dependent on the depth of the sample in the rock or core and geometry. The build-up time for 14 C is much less than the exposure times at the lunar surface (which are in the millions of years, estimated from long-lived radionuclides) and also erosion or gardening by micrometeorite impacts. These processes occur on a time-scale of a few millimeters per million years (Langevin et al. 1982) and do not disturb 14 C, but they are important in the understanding of longer-lived nuclide distributions. In the past, some 14 C work was done with gas counters, on samples from the top few centimeters of lunar rocks 12002 (Boeckl 1972) and 12053 (Begemann et al. 1972 ) and these suggested high levels at the very surface. These early counter-measurements data had relatively large uncertainties due to the size of the samples studied. Boeckl (1972) used the high surface 14 C values as evidence for an enhanced solarproton 4π flux of 200 protons/cm 2 /s (E p >10 MeV; R 0 =100 MV) over the last ~10 ka. Further, Begemann et al. (1972) had suggested that the very surface layer of lunar samples could be implanted with solar-wind 14 C, and this could account for the enhanced surface activity in rock 12002. Fireman (1977) also studied surface enrichments which he ascribed to solar-wind implantation of 14 C.
Measurements on finer slices of rock had to wait for the development of accelerator mass spectrometry (AMS) and only in the last decade have the small size requirements of AMS measurements allowed studies of the production rate and depth dependence of 14 C in millimeter-sized slices of lunar rocks (see Jull et al. 1992 Jull et al. , 1998a . Previous work with 14 C in lunar samples has identified three extraterrestrial sources of the 14 C observed in lunar samples-production by nuclear reactions induced by GCR or SCR particles or implantation from either the solar wind (SW) or solar energetic particles (SEP).
1. Production of 14 C by GCR in extraterrestrial materials. Armstrong and Alsmiller (1971) and Reedy and Arnold (1972) developed models for calculation of the production of 14 C by cosmicray effects in the lunar surface. For a long time, models for the GCR production of 14 C, based on
the work of Reedy and Arnold (1972) did not result in a good fit to lunar samples. Hence, Born (1973) and Rao et al. (1994) had to increase calculated production rates to fit their experimental data. Over the years, cross sections have been revised and improved using AMS studies of artificially-irradiated foils (e.g. Jull et al. 1989a Jull et al. , 1998a Sisterson et al. 1997a Sisterson et al. , 1997b Sisterson et al. , 1997c . A new model by Masarik and Reedy (1994) was used to calculate production rates of 14 C by GCR particles in the meteorite Knyahinya 1 (L5 chondrite) as a function of depth . This model now gives good agreement (~10%) with measured values for both meteorites and lunar samples (see inter alia, Jull et al. 1998b; Wieler et al. 1996) . Figure 1 shows some sample production rates for a typical meteoroid of different sizes irradiated in space.
2. SCR Effects. Solar-cosmic-ray particles, >98% protons, with energies of tens to hundreds of MeV, have a range of ~1 cm in rocks. The SCR flux can be approximated (Reedy and Arnold 1972) as a distribution in rigidity units of the form
where J is the flux, R is the rigidity (pc/Ze) of the particles, R 0 is a spectral shape parameter, given in units of megavolts (MV), and k is a constant. Fluxes for SCR are quoted for proton energies >10 MeV and for a 4π solid angle, defined as J 10 , and has units of protons/cm 2 /s. Values of R 0 in the range 70 to 125 MV have been fitted to a variety of radionuclide data from Figure 1 Depth dependence of GCR production of 14 C in meteoroids of different radii (from Wieler et al. 1996) . The horizontal line is the mean value observed for H6 falls, with the dashed lines showing the range observed.
lunar samples (see for example Reedy and Marti 1991; Rao et al. 1994; Fink et al. 1998; Jull et al. 1998a) . SCR effects in meteorites are usually not observed since the outer surface of the meteoroid is ablated during atmospheric entry. The best example of SCR production is 26 Al in the Salem meteorite (Nishiizumi et al. 1990 ). There has been no measurement of excess 14 C attributed to SCR in meteorites. One interesting question is whether this spectral shape is actually a good model for SCR at all energies (Lingenfelter and Hudson 1980) .
Implanted energetic particles:
The solar wind is a stream of particles, mostly protons, emitted by the Sun with an average flux at 1AU of ~2 × 10 8 protons/cm 2 /s (Keays et al. 1970) and ~1 keV/amu in energy. The range of such particles in rock is ~30-40 nm in rock (Ziegler et al. 1989) . There is also a possibility of implanted of higher-energy (up to 10's of MeV) particles emitted during solar flares (e.g. Wieler et al. 1996; Nishiizumi et al. 1997) . As already mentioned, Begemann et al. (1972) first suggested that the very surface layer of lunar samples could be implanted with solar 14 C. Fireman et al. (1976 Fireman et al. ( , 1977 found higher than expected levels of 14 C in the 600-1000 °C temperature fractions of the Apollo 11 soil 10084 and Apollo 17 trench soils 73221, 73241 and 73261, which they interpreted as implanted solar wind 14 C. If implanted from the solar wind and not another source, this result would imply a 14 C/ 1 H ratio in the solar wind of ~5 × 10 −11 . Jull et al. (1995a) reported on an experiment that confirmed the existence of this implanted 14 C component and concluded that there was an implanted 14 C flux on the very surfaces of lunar rocks and soil of 4 to 7 × 10 −6 14 C/cm 2 /s, which is equivalent to a 2-3.5 × 10 −14 14 C/H ratio. However, in this work the possibility of sources other than just the solar wind were considered. These results suggested that this was good evidence for an implanted 14 C component in the surface soil and rock.
Laboratory Procedures for 14 C Extraction from Lunar Samples and Meteorites
Cosmogenic 14 C can be extracted from meteorites, lunar rocks, or soils by fusion of the rock powder with iron (which is used to enhance combustion) in an oxidizing environment. Lunar samples are crushed, if not already a powder, and several grams of iron chips are added to enhance combustion. The meteorite samples were crushed to a powder, weighed, and treated with 100% phosphoric acid to remove carbonates from the material. In addition, the samples are preheated to 500 °C in air to remove contaminants due to organics and adsorbed CO 2 . The gas from the acid etching was collected and the 14 C ages of this material was measured. The residue was washed with distilled water and dried. This material was then placed in an alumina crucible and mixed with about 5 g of iron chips used as a combustion accelerator. The crucible is placed in an oven at 500 °C for 1 hr. The crucible is then placed in an RF furnace and heated to melting in a flow of oxygen. Any evolved gases are passed over MnO 2 to remove sulfur compounds and CuO/Pt at 450 °C to oxidize all carbonaceous gases such as CO and CH 4 to CO 2 . The volume of the gas is measured, and the gas is diluted with about 0.5-2.5 cm 3 of 14 C-free CO 2, as a carrier. This gas is finally converted to graphite powder over an Fe catalyst, which is then pressed into an AMS target holder. The target is mounted in a 32-position wheel in the AMS ion source and the sample 14 C/ 13 C is compared to that in known NIST standards. Procedures for the AMS analyses have been reported by Jull et al. (1990 Jull et al. ( , 1993a and details of the calculations by Donahue et al. (1990) . Samples of graphite as small as 100 µg are then analyzed by AMS. The basic studies on Bruderheim, other meteorites, and blank rock samples were published in Jull et al. (1989b Jull et al. ( , 1993a Jull et al. ( , 1994 Jull et al. ( , 1998b .
C in a Lunar Rock Surface
In Jull et al. (1998a) , we reported on 14 C in a series of samples from lunar rock 68815, collected from the Apollo 16 site. With a rock, we should expect to obtain a complete SCR profile indepen-dent of any gardening or loss of material which we might expect in a soil core top. Erosion by micrometeorites, of the order of mm/million years, ought not to affect 14 C. Rock 68815 was removed from the top of a large boulder at the Apollo 16 site (see Figure 2 in Color Plate 3.). Results of our measurements are shown in Figure 3 , from a surface value of about 66 dpm/kg. The surface profile which shows a decline of 14 C to about a depth of 3g/cm 2 , due to SCR production of 14 C as well as GCR. The subsequent increase to about 50 g/cm 2 depth is due to GCR production alone. The results show that our measurements give a similar trend of 14 C with depth in the rock as observed previously in Apollo 12 lunar rocks, numbered 12053 and 12002, by Begemann et al. (1972) and Boeckl (1972) , but with more detail. We also studied two very-surface patina samples that covered a larger area of rock, which gave a similar result. The results do not show the very high surface value observed by Jull et al. (1995a) ; we shall return to this observation later.
The measurements for 14 C production in 68815 as a function of depth are illustrated in Figure 3 . Jull et al. (1998a) reported the best fits to the data for R 0 of 115 MV and J 10 of 103 protons/cm 2 /s. However, they also found other reasonable fits for different values of R 0 from 100 to 130 MV, with equivalent values of J 10 of 130 to 88p/cm 2 /s, since there are a series of solutions for both J 10 and R 0 which fit this spectrum. However, all fits gave a flux of 19 p/cm 2 /s for J (E>57MeV). The best fits were found for spectra with the model energy distribution used by Reedy and Arnold (1972) . The best fit R 0 was that with the smallest standard deviation of the observed/calculated ratios of SCR activities using calculated SCR production rates for a wide range of Ro values. The average ratio for the best-fit Ro was then used to adjust the arbitrary solar-proton flux used in the calculation to get the best-fit flux. For the Apollo 15 soil cores, Jull et al. (1998a) reported the best fit used the data between 0.8 and 5 g/cm 2 with the 14 C activity of the surface sample being significantly lower than Figure 3 Depth dependence of 14 C due to SCR and GCR production in the surface of lunar rock 68815
calculated. Hence, we can fit most data from rock 68815 and the soil cores to the calculated SCR profiles. If there is an implanted component, as discussed by Jull et al. (1995a) , this could affect the observations on the very surface.
Variations in the SCR Flux
In Table 2 , we list for comparison some R 0 and flux estimates which were obtained from measurements of several long-lived and stable isotopes in lunar rocks (see Jull et al. 1998a) . The values of R 0 and flux obtained in the work from 14 C measurements are usually larger than the equivalent values from studies using longer-lived nuclides, except 41 Ca. In addition, for some nuclides, cross sections are not sufficiently well-known to allow us to determine uniquely both R 0 and J 10 . However, the fact that the rigidity parameter R 0 and fluxes for the relatively short-lived 14 C (Jull et al. 1998a) and 41 Ca (Fink et al. 1998 ) are higher than other nuclides, indicates to us that the SCR flux over the last ~10,000 to 100,000 yr must have been greater than for longer time-periods. This is particularly Begemann et al. (1972); Boeckl (1972); Jull et al. (1989b Jull et al. ( , 1995a Jull et al. ( , 1995b 59 Ni 76 ka Lanzerotti et al. (1973) 41 Ca ~100 ka Fink et al. (1998) 81 Kr 229 ka Reedy and Marti (1991) 36 Cl 300 ka Nishiizumi et al. (1989 Nishiizumi et al. ( , 1995 26 Al 700 ka Kohl et al. (1978) ; Nishiizumi et al. (1990 Nishiizumi et al. ( , 1995 ; Fink et al. (1998) 10 Be 1.5 Ma Nishiizumi et al. (1988 Nishiizumi et al. ( , 1990 Nishiizumi et al. ( , 1995 Nishiizumi et al. ( , 1997 ; Fink et al. (1998) The determinations for 26 Al before 1996 are based on old cross sections and could change using recently measured cross sections (Michel et al. 1996; Sisterson et al. 1997c Kohl et al. (1978) 100 70 25 9 2 × 10 6 yr c c The determinations based on stable nuclides depends on the erosion rate model used by Rao et al. (1994) , who assumed an erosion rate of 1-2 mm/Ma and the estimate exposure age of ~2 Ma based on 10 Be in 68815 (Nishiizumi et al. 1988 Mn and 26 Al measurements in rock 68815, with a spectral shape parameter R 0 of 100 MV (Kohl et al. 1978) . However, these authors also noted that this combination of flux (>10 MeV), R 0 , and erosion rates was not a unique solution. Later, Nishiizumi et al. (1988) measured 10 Be in lunar rock 68815, and deduced a higher flux at lower R 0 , using this radionuclide. This cast some doubt on existing cross section measurements. Using recent measurements of cross sections for the production of 10 Be by protons (Sisterson et al. 1997a,b,c; Bodemann et al. 1993; Schiekel et al. 1996) , a production rate for 10 Be in the surface layer of 68815 to be ~25% higher than those calculated using earlier estimates can be determined. This resulted in a value for R 0 =70 MV and J 10 of ~100 protons/cm 2 /s (see Jull et al. 1998a ). The latest cross sections for 10 Be and 26 Al were used by Fink et al. (1998) in another lunar rock, 74275. Also recently, Michel et al. (1996) estimated J 10 of 55 protons/cm 2 /s for R 0 =125 MV from 10 Be and 26 Al cross sections and reported profiles. The studies by Fink et al. (1998) and Nishiizumi et al. (1995) give J 10 values withiñ 15% of our estimates of flux from 14 C, but not for the same R 0 . Several radionuclides, including 14 C, are produced by reactions with threshold energies of 30 to 60 MeV. Thus, radioisotopes having a halflives longer than 10 6 yr generally appear to have lower J 10 and lower R 0 than our new estimates based on the shorter-lived 14 C. This is true for the results of Kohl et al. (1978) , Rao et al. (1994) , Michel et al. (1996) , and Fink et al. (1998) compared to the 14 C work of Jull et al. (1998a) .
The last 300,000 yr using 81 Kr, 41 Ca and 14 C studies. The radionuclide 81 Kr was measured in 68815 for E>60MeV, by Reedy and Marti (1991) , who derived a higher J 10 that discussed in the previous section. Together with 41 Ca (Fink et al. 1998 ) data on 74275, this appears to be in better agreement with the 14 C data from than the longer-lived nuclides. Some uncertainties in cross sections remain for those two radionuclides. Klein et al. (1990) examined 41 Ca in rock 74275 and calculated an SCR flux of 120 protons/cm 2 /s but with a low R 0 of about 70 MV. Recent calculations which fitted the 41 Ca measurements on 74275 suggested a J 10 , of ~200 protons/cm 2 /s and R 0 of about 80 MV should give a good fit (Fink et al. 1998 ). In addition, the work of Fink et al. (1998) shows a higher flux than the longer-lived nuclides and confirms the suggestion of enhanced SCR fluxes in the last ~100 to 200 kyr. So far, 36 Cl has not proved useful for lunar studies. Short-lived radioisotopes 22 Na and 55 Fe also show higher estimated solar-proton fluxes, as these nuclides are greatly affected by the very high solar activity in the decade immediately before the recovery of the Apollo samples (Reedy 1977) . Indeed, we could state that all values of J 10 and R 0 estimated for all radionuclides are within the wide observed range of spacecraft measurements. Spacecraft results depend strongly on the solar cycle and show variations from 63 p/cm 2 /s (R 0 =40MV) to 312 p/cm 2 /s (R 0~7 0MV), and have been discussed in detail by Reedy (1980 Reedy ( , 1996 and Goswami et al. (1988) . Jull et al. (1995b Jull et al. ( , 2000a ) studied an apparent surface enrichment of 14 C, especially in lunar soil grains. The flux of H from the solar wind of ~2 × 10 8 H/cm 2 /s. In order to compare the flux of implanted 14 C with H we need to be able to estimate the surface area of the grains. The limits for 14 C/ H estimated by Jull et al. (2000a) were ~0.4 to 0.8 × 10 −14 , which was based on studies on grain-size separates of Apollo 11 soils and also Apollo 16 soil 64501. A deep soil sample collected from Apollo 17 was used as a control. The quoted ratio is lower than the ratio of 2.2 to 3.5 × 10 −14 for the same value previously reported by Jull et al. (1995b) based on etchings of bulk 10084 soil and also soils 73221, 73241, and 73261, from the Apollo 17 trench soils. The original study of Fireman (1977) measured similar surface enrichments of 14 C to Jull et al. (1995b) , but estimated a much higher ratio of 14 C/H of ~10 −11 , due to different assumptions about the surface areas of the samples.
Implantation Effects

Other Information from 14 C in Lunar Soil Cores
Work on lunar core 15001-8 and rock 68815 ) suggest a possible enhancement in the SCR flux in the time scale integrated by 14 C. The very surface of lunar rocks and soil could also be affected by implantation of particles directly from the Sun, from the solar wind or solar flare events. Recent data (Nishiizumi et al. 1997 ) suggest the very surface layer might have be implanted with solar 14 C and perhaps some 10 Be. Recently, further experiments on lunar soils (Jull et al. 2000a ) confirm the existence of such a component, but raised new questions about whether this could indeed be of solar-wind origin.
METEORITE STUDIES AND TERRESTRIAL AGES
Meteorites fall equally all over the world and can be recovered from all parts of the globe (Halliday et al. 1989) . The infall rate has been described as a function of mass where log N = a log M + b ,
and where N is the number of meteorites which fall per 10 6 km 2 per year, > mass M in grams. Halliday et al. (1989) determined the constants a and b to be −0.49 and −2.41 for M<1030 g, and −0.82 and −3.41 for M>1030 g, based on observations of meteoroids. This would result in an infall rate of M>10 g of 83 events per 10 6 km 2 /yr, or roughly one event per km 2 in 10,000 yr.
The arid and polar regions of the world appear to be the best locations for storage of meteorites, where they can survive for long periods of time in such environments (Nishio and Annexstad 1980; Nishiizumi et al. 1989; Jull et al. 1990 Jull et al. , 1993a Jull et al. , 1998b Jull et al. , 2000b . Large numbers of meteorites have been recovered from the arid and semi-arid regions of North Africa, Arabia, North America and Western Australia. One of the first recognized areas for collections of meteorites was Roosevelt County, New Mexico (Scott et al. 1986; Sipiera et al. 1987) . The Nullarbor region of Australia and the northern Sahara Desert in Africa are also wonderful sources of meteorites (Wlotzka et al. 1995; Bevan et al. 1998; Schultz et al. 1998 (Grady 2000) . For comparison, the number of meteorites recovered (Grady 2000) from deserts are 1508 for the Sahara Desert, and >280 for Nullarbor.
The study of the terrestrial ages of these meteorites is of great utility, as it gives us information concerning the storage and weathering of meteorites and the study of fall times and terrestrial age. The most useful for many meteorite collection areas is 14 C (t 1/2 =5730 yr), as summarized by Jull et al. (1990 Jull et al. ( , 1993 .
Early measurements by Suess and Wänke (1962) and Goel and Kohman (1962) on large meteorite samples (10-100 g) were made by 14 C decay counting. Later, Boeckl (1972) used 14 C to estimate terrestrial ages of some meteorites found in the central and southwestern USA, using ~10 g samples. Fireman (1978) and Kigoshi and Matsuda (1986) made some measurements on Antarctic meteorites using similar methods. The first measurements which used AMS for 14 C terrestrial ages of Antarctic meteorites were by Brown et al. (1984) . Subsequently, AMS has been almost exclusively used for 14 C terrestrial age measurements using smaller sample sizes (0.1-0.7 g), mainly by the Arizona group, summarized by Jull et al. (1984 Jull et al. ( , 1989b Jull et al. ( , 1990 Jull et al. ( , 1993a Jull et al. ( , 1993b Jull et al. ( , 1994 Jull et al. ( , 1995a . Some other measurements were done at Toronto, by Beukens et al. (1998) and Cresswell et al. (1993) , and by a German-Swiss consortium Stelzner et al. 1999) . Longer-lived isotopes like 81 Kr (Freundel et al. 1986; Miura et al. 1993 ) and 36 Cl (Nishiizumi et al. 1989) can also be used to determine longer terrestrial ages. This gives us information beyond the useful range of 14 C of about 40,000 years. In the case of samples at the limit of 14 C age determination, we can sometimes place upper limits on their age by a lower limit determined by the 36 Cl age. Jull et al. (1994) and Wieler et al. (1996) have discussed the variation in 14 C production rate at different depths in meteorites of different sizes. Recent falls generally show activities of 14 C equivalent to a production rate of 38-58 atoms/min/kg (as shown in Table 3 ). Wieler et al. (1996) showed calculations for meteorites of preatmospheric radii from 20 to 45 cm where the saturated activity (or production rate) should vary from about 38 to 52 dpm/kg for an H chondrite. Smaller objects have lower production rates of 14 C. In Figure 1 , we have shown the expected production rates for a sample recovered from a given depth for meteorites of H-chondrite composition of different sizes (Wieler et al. 1996) . Measurements on the Knyahinya L-chondrite (R=45 cm) gave values of 37 at the surface to 58 dpm/ kg at the center of the meteorite. Nearly all 14 C is produced from spallation of oxygen, with only about 3% produced from Si (Sisterson et al. 1994) . Hence, normalization of the saturated activity observed to the oxygen content works well. We estimated the saturated activity for a given class of meteorite by normalizing the mean value of the 14 C content of Bruderheim (51.1 dpm/kg) to the oxygen content of the meteorite determined from bulk chemistry or from average compositions (Mason 1979) . The scatter in measurements on saturated falls suggests that an uncertainty of ±15% should be included in estimates of the terrestrial age to account for uncompensated shielding or depth effects, as well as experimental uncertainty (Jull et al. 1993a ). This variation is confirmed by the study of the depth dependence of 14 C in the chondrite Knyahinya , which has an estimated preatmospheric radius (R) of 45 cm. Some measured 14 C activities from known meteorite falls are given in Table 3 . Because many of the meteorites collected from Antarctica are small, <100g, compared to other finds, these require additional criteria to determine the production rate of 14 C. This information is not available in all cases, but we use rare gas and other radioisotope (e.g. 26 Al and 10 Be) data to verify that the meteorite appears to have been irradiated as a body with a radius of 20-50 cm. We can also use 22 Ne/ 21 Ne ratios to estimate the shielding depth of the sample in a meteoroid, Schultz et al. (1996) have summarized the available Ne isotopic data. For apparently smaller objects, a lower saturated activity should be used. In many cases where we do not have sufficient information to make this determination, we will quote the result for the standard values listed in Table 1 . We calculated the 14 C activities in dpm/kg and the terrestrial ages as described by Jull et al. (1993a) .
Production Rate of 14 C and Interpretation of 14 C Terrestrial Ages
Desert Meteorites
14 C provides the best method of estimating the terrestrial age of meteorites recovered from desert environments. When combined with good recovery statistics and weathering information, we can use these ages to assist in determining infall rates (Bland et al. 1996) . For the Nullarbor Plain (Western Australia) and for some other locations, we observe an approximately exponential drop-off of number of meteorites with increasing terrestrial age (Bevan et al. , 1999 Jull et al. 1995b ). Jull et al. (1990 Jull et al. ( , 2000b , Knauer et al. (1995) , Neupert (1996) , Neupert et al. (1997) , Stelzner et al. (1999) , and Wlotzka et al. (1995) have reported on terrestrial ages of meteorites from the Sahara desert in Libya and Algeria, which show similar trends. Different climatic regimes and local geology can affect the distribution of terrestrial ages of meteorites from areas such as the Sahara desert and Roosevelt County, as weathering occurs at different rates depending on sample chemistry and local climatic effects. Figure 5 (Color Plate 3) shows the age distribution of meteorites from some of these locations. In general, the Nullarbor and Sahara meteorites show an approximately exponential decrease of number of finds with terrestrial age to at least 30 ka. Since weathering gradually destroys meteorites, we expect that in a given population of finds, that the resulting distribution should show some exponential dependence on age. As an example, consider a collection where meteorites fell continuously directly on the collection area. The meteorites then should eventually disintegrate and reach a steady state where the disintegration rate will match the infall rate. Therefore, the number will decrease with increasing age, and so there should be more young meteorites than older ones. This is the expected distribution based on a simple first-order model of meteorite accumulation (Freundel et al. 1986; Jull et al. 1993a) . We can show an example of the case of the Western Australian meteorites. (Jull et al. , 1995b Bland et al. 1998 ).
In a new approach to the question of meteorite survival and weathering, Bland et al. (1998) compared the terrestrial ages of many meteorites with the degrees of weathering observed. Previous studies (e.g. Wlotzka et al. 1995) had used a petrographic weathering estimate, however, Bland et al. (1998) introduced the idea of using Mössbauer spectroscopy, where the relative amounts of Fe in different valence states could be measured. Bland et al. (1996) further showed that meteorites of different composition weather at different rates, a fact known qualitatively to many meteoriticists, but difficult to quantify. Mössbauer provides that quantitation, and Bland et al. (1996) showed that H chondrites, which contain more metallic iron, weather at faster rates than L chondrites. We can also therefore conclude that achondrites, mainly basaltic rocks containing no iron, would survive the longest. Indeed there is some evidence to support this assertion in the observed distribution of terrestrial ages of Antarctic meteorites. This observation is particularly important as some interesting achondrites have also been recovered from these desert regions, although the vast majority are ordinary chondrites. Those of greatest interest are those of lunar and Martian origin which have been recovered from both cold and hot deserts.
C-10 Be Dating
A limitation of using 14 C for terrestrial age determinations is the need to make shielding corrections if the original meteoroid was very large or small (see Figure 1) . One way to make these depth estimates is by 22 Ne/ 21 Ne ratios (Cressy and Bogard 1976) . We can also use the production rate of a more long-lived nuclide such as 10 Be to normalize the 14 C production rate. Since both of these radionuclides are produced by the same spallation reactions on oxygen, their production in meteorites is almost always at a constant ratio. The 14 C-10 Be method allows us to correct for shielding effects, the only assumption we have is that the exposure age of the meteorite is sufficient to saturate 10 Be (Jull et al. 1999b ). This exposure age can also be verified by noble-gas data. Both 14 C and 10 Be can be measured by accelerator mass spectrometry (AMS) at the NSF-Arizona AMS Laboratory. The first attempt to apply this work was by Neupert et al. (1997 Neupert et al. ( , 1999 , who correlated 14 C, 26 Al and 10 Be in some Açfer meteorites, and used the results to estimate shielding-corrected terrestrial ages. Since both 14 C and 10 Be are produced by spallation of oxygen, their depth dependence is reasonably similar, and also the production ratio is independent of chemistry. This was demonstrated in the study of the 14 C and 10 Be depth dependence in Knyahinya, a large meteorite of some ~400 kg that fell in the Ukraine in the 19th century ). An excellent example of the use of the 14 C-10 Be method for determining terrestrial age was shown by Kring et al. (2000) for the large fall of the Gold Basin meteorites. The Gold Basin meteorite shower was apparently due to the explosion of a large bolide (H4 chondrite composition) several meters in diameter over northwestern Arizona. Thousands of fragments of this object have been recovered by Kring and co-workers as well as by private individuals. We compared the results obtained for both of these radionuclides on splits of the same samples. By normalizing the 14 C production rate to that of 10 Be, we can correct for the problem of 14 C production at a significant depth in a large object. The terrestrial age we determined is about 15,000 years (Kring et al. 1998 (Kring et al. , 2000 in the late Pleistocene. Jull et al. (1998b) have discussed the terrestrial 14 C ages of 95 meteorites collected from Antarctic blue ice fields by US scientists. A map showing locations of many of the main collection areas from which meteorites have been recovered is shown in Figure 6 . Because of low storage temperatures, we expect Antarctic meteorites to be stored for long periods of time in or on the ice. This is certainly confirmed by the results, which can easily be compared to the age distributions for non-polar sites and show longer residence times than observed in warmer desert environments. In Antarctica, we observe samples both within the range of 14 C dating, up to 40-50 ka, and beyond. Nishiizumi et al. (1989) , Cresswell et al. (1993) , Jull et al. (1993b) , and Michlovich et al. (1995) have shown that the age distributions of meteorites at the different Allan Hills icefields and Yamato collection sites in Antarctica can be very different. Nishiizumi et al. (1989) reported that many meteorites from the Allan Hills Main Icefield have long terrestrial ages, as determined by 36 Cl (t 1/2 = 301,000 yr). Indeed, two meteorites have been recovered, an H-chondrite from Allan Hills (ALH88019) and an L-chondrites from Lewis Cliff (LEW86360) which have very long terrestrial ages in excess of 2 Ma (Sherer et al. 1997; Welten et al. 1997) . The largest single meteorite (with a terrestrial age >30 ka) is the 100 kg H5 meteorite LEW 85320 (Figure 8 , in Color Plate 4). Nishiizumi et al. (1989) summarized data on 67 meteorites from the Allan Hills Main Icefield, and they found most gave 36 Cl terrestrial ages of chondrites of >100 ka, and up to 500 ka in a few cases.
Antarctic Meteorites
In Figure 7 , we show a summary of terrestrial ages determined by 14 C, 36 Cl and 81 Kr for meteorites from this icefield and also the Japanese Yamato site. Twenty Allan Hills main meteorites (~30%) were <70 ka, and from 14 C, we found only five meteorites out of the 27 meteorites analyzed for 14 C were <25 ka. The long terrestrial ages observed for the Allan Hills Main Icefield meteorites are normally explained by transport of the meteorites in flowing ice over large distances (Drewry 1985; Nishio and Annexstad 1980) . By contrast, samples from other areas such as the Far Western Icefield (Figure 9 , in Color Plate 5) and 14 C ages from the Yamato site ( Figure 10) show significantly younger population of meteorites. At these locations, most of the samples date within the last 40 ka, although the Japanese Yamato site does show a large range of terrestrial ages, with several meteorites of terrestrial age >200 ka (Nishiizumi et al. 1989; Michlovich et al. 1995) . In addition, some much older 81 Kr ages on one class of achondrite meteorites (eucrites) up to 300 ka have been observed . This may indicate a special population group more resistant to weathering, or whether this is due to some uncertainties in the 81 Kr production rate (cf. Reedy and Marti 1991) .
In the case of the Allan Hills Far Western icefield there are few meteorites with less than saturated 36 Cl (Nishiizumi et al. 1989) , indicating short terrestrial ages consistent with the observation of significant levels of 14 C in most samples. These results are shown in Figure 9 . We suppose meteorites at sites like the far Western icefield or Yamato cannot have been transported any significant distance in the ice, and most likely fell at the location where they were recovered. When pairing is also taken into account, these results allow us to deduce that the distribution of meteorite terrestrial ages can be related to ice flow patterns in the Allan Hills region.
We can summarize the age distributions from different icefield by listing the number with terrestrial ages <25 ka, and categorize sites by the number of such younger falls. This allows us to order icefields in terms of number of falls <25 ka as follows, based on 14 C ages only (results are taken from Jull et al. (1993b Jull et al. ( , 1998b Jull et al. ( , 1999a Cresswell et al. (1993); Michlovich et al. (1995) , and other unpublished results from our laboratory). By contrast, the results for some desert meteorite collection areas show higher values, as seen in Table 4 . Lindstrom and Score (1994) used statistical arguments to estimate that pairing might reduce the number of discrete Antarctic falls by as much as a factor of 2 to 6. They also suggested the frequent number of ordinary chondrites in some localities could indicate a pairing factor of as high as 5 for these meteorites. These estimates appear too high to be consistent with the terrestrial-age data available on the samples studied. However, it is possible the terrestrial-age results may have some selection bias against paired meteorites. If the high pairing were the case, any estimates of infall rates would be too high, as our calculations of infall rates rely on an estimate of the total number of meteorites collected in our to scale our observed age distributions to the whole population. We can compare the estimates of infall rate from different areas and the results summarized by Bland et al. (1996) in Table 5 . Here we can see that the estimates from Allan Hills are not in disagreement with other estimates. It would be difficult to make such infall-rate estimates without any information on the fall times (terrestrial ages of the meteorites) and this demonstrates the utility of this information. et al. (1996) reported evidence suggesting the possibility of biogenic fossils in the orthopyroxenite meteorite, Allan Hills 84001. This discovery ignited a debate on the question of whether early Mars could have supported life. This meteorite, together with Elephant Moraine 79001 and other Martian (sometimes referred to as SNC) meteorites, form a class of rare meteorites called achondrites. These are basically igneous rocks and were apparently ejected from the surface of Mars (McSween 1994) . The work of McKay et al. (1996) has stimulated much discussion as to the nature and origin of organic material in ALH 84001 and EETA 79001 in particular, and other Martian meteorites in general. Important clues to the origin of the organic material can be obtained from the amounts of 14 C and the relative amounts of 13 C/ 12 C.
USING 14 C TO TRACE THE ORIGIN OF ORGANIC MATERIALS IN MARTIAN METEORITES
McKay
We have studied the isotopic ratios δ 13 C, δ 18 O and the 14 C compositions of CO 2 released from carbonates and organic compounds in these meteorites (Jull et al. 1998c) . We can use 14 C as well as their stable isotopic composition (δ 13 C) to identify their origin. Small amounts of CO 2 produced by combustion in oxygen is let into a mass spectrometer to determined δ 13 C. The gas is then recovered from the mass spectrometer using liquid nitrogen to free out the gas into a glass ampoule and the gas in transferred to another system. Here, the sample is reduced to graphite and the 14 C content of the sample is determined by AMS. Terrestrial organic material, which mainly originates from biogenic activity, has levels of 14 C consistent with the time since removal from equilibrium with the terrestrial biosphere or atmosphere, as discussed by Jull et al. (1998c Jull et al. ( , 1999b . Jull et al. (1998b) We can also estimate the effects on organic material exposed to radiation in space, might sometimes contain excess 14 C produced by the action of cosmic rays. We know that meteorites are bombarded by cosmic rays in space. The 14 C can be produced only by thermal neutrons on 14 N, or to a much lesser extent by neutron capture on 13 C. As we know that all samples of these meteorites so far recovered were irradiated as small objects in space with only trace water content, very few cosmicray generated neutrons can have been produced. Spergel et al. (1986) had shown that for objects of radius less than ~50 g/cm 2 (about 150 cm in a rock, or approximately 19 kg in mass) that the cosmic ray induced thermal neutron flux is extremely small and neutron products are not detectable. For these meteorites, ALH84001, Nakhla and EETA79001 were much smaller than this size (2.1, 10, and 7.9 kg recovered mass, respectively), and thus the thermal neutron flux would be even, hence we can eliminate this production of 14 C in the organic components of these Martian meteorites.
We performed stepped heating experiments on several sample of these Martian meteorites. For EETA79001, the intermediate temperature (~400-600 °C) fractions reveal that the carbonate mineral component of EETA79001 has exchanged with terrestrial carbon dioxide to some extent, because we observe 14 C in these fractions. However, the carbonate fraction of ALH84001 is low in 14 C and this is consistent with an extraterrestrial origin. The large difference in both 14 C and δ 13 C measurements of organic and carbonate fractions of ALH84001 indicates that it is extremely unlikely that they could have formed from a common reservoir of carbon. Also, we know from the work of Nyquist et al. (1999) that the carbonates likely formed 3.9 Gyr ago. Hence, if the organic material and carbonate coexist and were formed from a common reservoir, we would have to find a mechanism to produce the large differences in δ 13 C. If we only had the δ 13 C, we know that isotopic fractionation between methane and carbon dioxide can be large (about 70‰) at low temperatures can occur, but only under certain conditions. This would require that the 14 C concentration (which is corrected for isotopic effects) in both phases be the same. Thus, the 14 C "label" is very important and it tells us if these phases have some terrestrial contaminants which were either biogenic or at some time in equilibrium with the atmosphere. 14 C measurements reveals that the carbonate CO 2 is low in 14 C. The fraction 500-600 °C appears to be the purest carbonate release, with Fm ( 14 C)<0.04. This is consistent with previous work on carbonates with δ 13 C of +40‰ ) and our estimated 14 C composition of carbonates irradiated in space. This also supports the preterrestrial nature of these ALH carbonates, which is also clear from their petrology (Mittlefehldt et al. 1994 ).
We also combusted of a sample of ALH84001 which had been etched with phosphoric acid to remove any carbonates (Jull et al. 1998c ). The carbon dioxide released by acid etching gave 337 ppm carbon as carbonate, with δ 13 C of +37.10 ± 0.01‰. This yield can be favorably compared to the 367 ppm carbon released in the previous stepped combustion of ALH84001 between 430 and 600°C. So, this confirms that our temperature fractions give similar amounts of carbonate in 430-600°C. These results are shown in Figure 11 .
The results confirm the general trend already observed, that the organic material combusting between 75-400 °C is isotopically light, −31.9 to −25‰ and the fraction of modern carbon in these different steps is 23−40% modern (equivalent to 7400-11,900 yr old). Above 400 °C, our study indicates that the 13 C-enriched carbonate is removed by acid etching, δ 13 C values of −14.7 and −8.1‰ and low 14 C suggest the possible presence of another component. This small component appears to be an indigenous organic material combusting at higher temperature. This is likely some higher molecular weight material. Interestingly, Gilmour and Pillinger (1994) found similar δ 13 C values for polymeric material from the Murchison carbonaceous chondrite. This material would then be extraterrestrial, but not biogenic in origin. McKay et al. (1996) only directly studied small portion (~1%) of the organics in the form of polycyclic aromatic hydrocarbons (PAH) in ALH 84001. The small size of this fraction precludes 14 C measurements on these phases. In a separate paper published in the same issue of Science as our paper, Bada et al. (1998) studied amino acids in ALH84001. They concluded that the amino acids in this meteorite were all of the left-handed variety. All amino acids used biologically on Earth are of this type. This suggests contamination also, although amino acids from non-Earth life (if they exist) might be either left or right-handed. However, they could not be an equal mixture of right and left, which would indicate an origin from non-biological processes. Figure 11 Stepped-combustion studies of an acid-etched residue of the Allan Hills 84001 Mars meteorite. Low-temperature steps indicate the release of terrestrial contaminants containing more 14 C. The lowest 14 C release occurs in the 400-500 °C step, which appears to indicate an extraterrestrial organic-like component. Adapted from Jull et al. (1998c) . Becker et al. (1999) have recently reexamined the isotopic composition of the acid-insoluble component in ALH84001. They found that the acid-soluble component of the organics had δ 13 C of -26‰, whereas the acid-insoluble component was −15‰. The latter result was consistent with the δ 13 C values for the acid-resistant organic matter combusting at 400-500 °C reported by Jull et al. (1998c) . Some differences in yield are apparent, Becker et al. (1999) used 1N HCl as opposed to the phosphoric acid used by Jull et al. (1998c) .
Recently, we have also studied bulk combustions of the observed fall, Nakhla. This meteorite fell in Egypt in 1911, and was collected in that year and 1913 . Studies of the bulk combustion of a sample of this meteorite stored in the Natural History Museum indicated that ~80% of the organic material in this meteorite is of recent terrestrial origin. Contamination for the pre-bomb period 1911-1950 AD ought to be ~98% modern. More recent studies (discussed by Jull et al. 1999b ) on a freshly cut piece of the meteorite suggest that 14 C could be used to demonstrate that much of the organic material was extraterrestrial, using the rationale discussed above. The organic material in Nakhla appears to be soluble in strong acids, and may have some similarities to the polymeric organic material found in carbonaceous chondrites. Obviously, more work on the isotopic composition and characterization of this material will need to be done in the future.
CONCLUSION
14 C and other cosmogenic radionuclides have valuable applications in the extraterrestrial as well as the terrestrial realm. Cosmic-ray production of radionuclides in space gives us important information both about the history of cosmic rays, but also about the history of meteorites after they fall to the surface of the earth, as well as their infall history.
